Abstract
Introduction
The development of integrated optical sensors is very attractive because they offer the possibility of integrating different components, which is thus translated into more robust and compact devices. In order to optically detect a change in analyte concentration, we are required to translate this change into a measurable parameter such as intensity or phase. Several material platforms have been used to implement integrated optical sensors. However, the use of III-V semiconductors offers some benefits towards the development of highly integrated devices. Since III-V semiconductors possess a direct band gap, they have the potential for the integration of lasers, waveguides, phase modulator and detectors on a single chip. This is a critical aspect for sensing applications, since this can provide not only compact, but also inexpensive and portable devices. Over the years, a variety of sensing configurations has been implemented. Among them, the Mach-Zehnder interferometer has been widely used because high sensitivity can be achieved without the need for chemical labelling [1] [2] [3] . Nevertheless, their main limitation for size reduction is related to the Y-branches that are typically used for splitting and combining the optical signal. A simple solution is the use of multimode interference (MMI) splitters because they have a compact size, wide optical bandwidth and relaxed fabrication tolerances. They have been widely used in various integrated optical circuits for the splitting or combining of optical signals [4] [5] [6] . In order to obtain the largest dynamic range in a Mach-Zehnder-based sensor, it is imperative that the split-off beams must be exactly balanced with a ratio of 50:50. By employing a reconfigurable MMI coupler, an accurate setting of the splitting ratio can readily be accomplished. Furthermore, the reconfigurable MMI coupler can also be used as the beam combiner to compensate for unequal optical intensities in the two arms of the interferometer. Consequently, deviations due to non-uniformity in waveguide propagation losses arising from fabrication errors can readily be tuned out using reconfigurable MMI couplers, thus enabling optimal performance of the interferometric sensor.
In general, reconfigurable MMI couplers can be obtained in two ways. The first one requires modifying the phase relation between the even and odd modes that are propagating along the MMI waveguide [4] . Since the phase is modified on a narrow section along the whole MMI, a smaller refractive index change is then required. However, it is difficult to modify the phase of the even modes only without a slight change of the phase of the odd modes. A better approach is to modify the phase of the multiple self-images that occur at different lengths along the MMI waveguide. Modifying the phase relation between the self-images leads to a modified output image, and light can be directed to a specific output waveguide [7, 8] . If the refractive index change is entirely confined within the areas containing the principal self-images, very efficient devices could be realized using this approach. However, due to the refractive index change requirements they are intended to operate by current injection (carrier-induced refractive index change). In this case, current spreading becomes a serious issue in terms of device performance. It is therefore necessary to electrically isolate the index-modulated regions in order to regulate the current spreading within the MMI waveguide.
In this work, current spreading is controlled by using a zinc in-diffusion technique to achieve a selective definition of p-n regions [9] . The zinc in-diffusion process is performed using a semi-sealed open-tube diffusion furnace.
The method has proven to be simple, yet highly controllable and reproducible. Using this technique, current spreading is effectively regulated, making it ideal for fabricating electrically tunable optical MMI couplers. This process was used to fabricate a reconfigurable 3 dB MMI coupler that was modified all the way from a nearly 50:50 split of output powers to a 90:10 splitting ratio by injecting current through edge contacts, and to a 30:70 splitting ratio when a centre electrode was used.
Multimode interference couplers
The analysis of MMI devices has been approached using different methods such as ray optics [10] , beam propagation method (BPM) [11] and guided-mode propagation analysis (MPA) [4] . Among these methods, the MPA provides better insight into the mechanism behind the MMI functionality. The operation of a MMI device is relatively simple. The key component is a multimode waveguide that supports several modes ( 3). After the supported modes are excited by launching a field using an input waveguide (typically, a single mode waveguide), the interference between the modes propagating along the MMI waveguide gives rise to the formation of self-images (single and multiple) of the input field, as shown in figure 1. For simplicity, only the formation of single and two-fold self-images is shown.
In the case of general interference, the formation of the self-images (single and multiple) along the multimode waveguide is given by
where p 0 and N 1 are integers with no common divisor [4] . Here N is related to the number of self-images and p denotes the periodic nature of the imaging along the multimode waveguide for each set of N images. In this case, L π is defined as the beat length between the two lowest order modes
where W e is the effective multimode waveguide width, n 0 is the effective refractive index and λ 0 is the vacuum wavelength. In order for these equations to hold at any position, it is necessary to maintain certain conditions related to the modes and selfimages.
(1) The first condition requires that all the modes should experience a 2π phase shift after propagating along the multimode waveguide up to the position of the first selfimage, thus producing a direct replica of the input field. (2) In addition, the phase differences between the propagating modes must alternate in even and odd multiples of π, with the even and odd modes in phase and antiphase respectively. Therefore, the single self-images will be mirrored with respect to y = 0 as compared to the previous single self-image. This is, of course, not a concern for symmetric input fields as in the case of singlemode input waveguides. (3) Regarding the multiple self-images, there is a wellestablished relative phase difference between the images on each set of images. Therefore, this phase relationship needs to be kept constant for proper formation of the following set of images at distances dictated by the previous equations. As long as these conditions are met, the operation of the designed MMI device should be very stable without any variation of the designed output or splitting ratio, in the case of MMI splitters. MMI devices designed under the condition of general interference are very compact devices with large optical bandwidths and relaxed fabrication tolerances. However, in integrated devices there is always a need for smaller devices in order to maximize the wafer real state. In the case of MMI devices, if we can selectively excite certain modes within the MMI waveguide, the MMI length can be further reduced. This can be achieved by launching a symmetric input field at y = ±W e /6; at this position the modes ν = 2, 5, 8, . . . present a zero with odd symmetry with respect to this point. Therefore, the overlap integral between the input field and these modes will vanish. As a result, only the first two of every three modes are excited, and the length of the self-images is reduced by one third [4] . Under this restricted paired interference mechanism, the position of the self-images can still be found using (1), but we have to reduce it by one third.
Active MMI couplers
The majority of the applications of MMI devices up to date have been related to passive devices. Only recently has there been a major effort to obtain active devices because of the size reduction and performance that can be achieved. In general, active MMI devices can be obtained by perturbing the conditions required for self-images to occur at the predicted locations, such as changing the phase relation between the multiple images and selective mode perturbation. Selective mode perturbation requires modifying the phase of the even modes without perturbing the phase of the odd modes [12] . In practice, this is not a simple task to achieve since all the modes are propagating along the same waveguide. A better approach is to modify the phase relation between the multiple images at some specific locations. As previously explained, the phase relation of each set of multiples images has to stay constant for the next set to be properly formed. If we selectively modify the phases in a particular set, then the phases and lateral positions of the following sets of images will be modified. With the right parameters this effect can be used to develop not only reconfigurable MMI couplers, but also photonic switches [7, 8] . The principle can be better explained by looking at the general picture of an N × N MMI coupler, as shown in figure 2 . In this N × N MMI coupler, light directed into any of the N inputs is equally split into N images right at the middle point of the MMI coupler, but the relative phases of these N images will be different for each input waveguide. The expressions for calculating the phases of the N images for the case of N even inputs are given by [13] i + j even,
Knowing the phase value of each of the N images for each input, light coupled to any given input can be switched to any output by properly modifying these N phases. For example, in this particular N × N coupler, light directed to the input will exit at the output, with the N images having a specific phase relation. If this phase relation is modified such that it replicates the phase relation obtained when light is directed to input N, then the light can be switched to output N. A similar principle can be applied by modifying the phase at a different set of images, and this will modify the properties of the following sets. This concept is used in this work to achieve a reconfigurable MMI splitter.
In order for such devices to operate properly, the refractive index change has to be entirely confined within specific areas containing the principal self-images. If this can be achieved, very efficient devices could be realized using this approach. However, due to the refractive index change requirements they are intended to operate by current injection (carrier-induced refractive index change). In this case, current spreading becomes a serious issue in terms of device performance and makes it necessary to electrically isolate the index-modulated regions in order to regulate the current spreading within the MMI waveguide. We have previously demonstrated that current spreading can be efficiently controlled using a selective zinc in-diffusion technique to achieve a selective definition of p-n regions [9] . A similar process will be used in order to confine the refractive index change within the required image.
MMI splitter design
A schematic of the reconfigurable MMI coupler is shown in figure 3 . It consists of a multimode waveguide section that has a width of W = 18 µm and a length of L = 504 µm. The light is directed into the device using 3 µm wide input and output waveguides that are separated by 3 µm. The shaded areas at the centre of the MMI correspond to the index-modulated regions. The location of these zones corresponds to the areas where the multiple self-images are formed. The dimensions of the MMI coupler have been calculated using the well-known relations for restricted paired interference in MMI waveguides that we previously explained. The wafer structure used for the calculations consists of an undoped InGaAsP MQW core waveguide with a total thickness of 0.28 µm. This layer is bounded on the top and bottom by n-doped InP cladding layers to form a symmetric slab waveguide structure. The top cladding layer is 1.7 µm thick while the lower cladding layer is 1.0 µm thick. The whole structure is capped by a 0.1 µm thick InGaAs layer. The beam propagation characteristics of the device have been investigated using the finite difference beam propagation method (FD-BPM), which is the core of the commercial software BeamPROP from RSoft. As shown in figure 4(a) , when light is launched into either input waveguide without any external bias, the device operates as a perfect 3-dB coupler. The formation of multiple images can also be observed at different intervals along the MMI. In this case, we will focus our attention on the four images that are formed exactly at the halfway point along the MMI length. As explained, a well established relative phase exists between these images which control the formation of the subsequent self-images. Therefore, by modifying the phases of these images, the splitting ratio of the MMI coupler can easily be altered. Using (3) and (4), we found that if the phase of the two inner images is altered by π/2, then all the light is switched to the lower output waveguide. A similar phase change is required for the two edge images for the light to be switched to the upper output waveguide. In order to find the physical dimensions of the areas where the index change will be applied, it was assumed that the current injection resulted in a refractive index change of ( n/n) = 0.5%. Using this value, the dimensions of the index modulated regions were calculated such that the light could be switched from one output port to the other. As shown in figure 3 , a central electrode with a length of 65 µm and a width of 8 µm was calculated to provide sufficient phase modification of the two inner images. When this central contact is biased, the light is fully switched to the lower output waveguide as shown in figure 4(b) . In a similar way, edge electrodes with the same length and a 4 µm width are needed to switch the light into the upper waveguide. This is also shown in figure 4(c).
Reconfigurable MMI splitter fabrication
The device was fabricated by first covering the whole wafer with a 200 nm thick silicon nitride (Si 3 N 4 ) film. This film acts as a diffusion barrier for the zinc in-diffusion process. Photolithography was then used to pattern windows on the index-modulated areas, and the unwanted Si 3 N 4 film was etched off using reactive ion etching (RIE). The zinc indiffusion process was then performed as explained in [9] . A diffusion time of 30 min resulted in a diffusion depth of 0.8 µm with a sharp diffusion profile. The diffusion process is highly reproducible giving rise to repeatable diffusion depth and doping concentration provided that the diffusion temperature and time are carefully controlled.
After the diffusion, Ti/Zn/Au p-type contacts were patterned on the zinc-diffused areas by photolithography followed by evaporation and lift-off. The MMI structure was then patterned by photolithography, followed by selective wet chemical etching of the InGaAs top layer using a H 3 PO 4 :H 2 O 2 :DI water (1:1:38) mixture. The InGaAs layer was then used as a mask for the selective wet etching of InP using an HCl:acetic acid (1:6) mixture. An etch-stop layer provided precise control of the etch depth, resulting in constant height InP ridges as well as a smoothly etched surface. The wafer substrate was then lapped to a thickness of 150 µm and polished to a mirror finish. The n-type contact, consisting of a mixture of Ni/Ge/Au, was then deposited by thermal evaporation and annealed-in. At this point, the sample was cleaved, and mounted on a copper holder for device testing. A photograph of the top view of a fabricated batch of devices is shown in figure 5 . Each batch consists of five MMIs of slightly different lengths in order to compensate for any fabrication error and obtain the closest 3 dB splitter. The MMI at the centre corresponds to the optimum MMI dimensions as calculated from our FD-BPM simulations. The angled corners at the end sections are a result of the different etching planes inherent to InP in acidic etchants.
Experimental results
The fabricated devices were tested using a fibre pigtailed tunable laser set at a wavelength of 1560 nm. This wavelength was selected so as to obtain the best 3 dB splitting. The laser beam was then collimated using a fibre collimator and endfire coupled to the single-mode input waveguide of the device using a 40× microscope objective. The near-field pattern of the output facet was then imaged onto a CCD camera using a 40× microscope objective, and a TV monitor was used to observe the output facet. Two separate laser diode drivers were used to inject electrical current through either the inner contact or the edge contacts. The normalized output intensity versus applied current characteristics of the device is shown in figure 6(a) . It can be seen that with no current applied, the splitting ratio is not exactly 50:50 even when five different MMI lengths were fabricated. However, this can be easily adjusted by injecting current into the patterned electrodes. When the edge electrodes are biased, the splitting ratio can be easily switched to better than a 90:10 splitting ratio. We should also note that during the first 3 mA of current injection, the splitting ratio is only slightly modified. We believe that this is caused by a modification of the imaging due to strain from the Si 3 N 4 and p-type contacts, which are located on top of the multimode waveguide. However, as evidenced in figure 6(a) , the injection of only a small current (0.7 mA) through the centre electrode is required to trim the device for an exact 50:50 split of the output powers. By increasing the applied current, the splitting ratio can be changed to a 30:70 split ratio in the other direction. After this point, the behaviour deviates significantly from the theoretically expected response. We believe that at this point, the injected electrons have spread too far beyond the optimum index-modulated region and therefore the device stops working properly. Also shown in figure 6(b) are pictures of the output facet for the cases of no bias applied and for the maximum splitting ratios with electrical current injected into the edge and centre contacts respectively.
From these results, it is clear that the coupler can be easily set to a perfect 3 dB splitter which compensates for any fabrication errors. We should also note the fact that such a modification is achieved using a small amount of electrical current injection. Even more important is the fact that, to our knowledge, such an amount of tuning of the optical power has never been experimentally achieved in MMI couplers. This is a very promising technique, since a similar concept can be used to fabricate integrated photonic switches using MMI devices.
The main limitation to achieving full switching in our current device is that we were interested in trimming the coupler to a 3 dB splitter. Therefore, because the metal electrodes/bonding pads lie directly on top of the MMI region, they add a straininduced uniform index change that is shifting the position of the multiple images. The effect is that the images do not perfectly overlap with the electrical injection regions, and more current is required for the tuning of the output power split ratio which eventually deteriorates the device performance. As demonstrated, this is not a serious issue for our current 3 dB trimming application. However, it is very critical for devices requiring full switching of the optical signal. This can be easily solved by planarizing the waveguide structure and fabricating the metal pads outside the MMI region.
Conclusions
A reconfigurable MMI coupler has been fabricated using a simple zinc in-diffusion process. This technique allows for the selective definition of p-n regions and effectively regulates the current spreading. Our experimental results revealed that the device can be easily set to a perfect 3 dB splitter using only 0.7 mA of current injection. In addition, the device can be adjusted all the way from a 90:10 to a 30:70 splitting ratio. We believe that with further improvements to the device design, full-range switching could also be obtained. The results are very encouraging since, to our knowledge, this amount of tuning of the output power splitting has never been experimentally demonstrated before. Furthermore, since this mechanism can be implemented in several material platforms, the process can be extended to a variety of highly functional integrated photonic devices that operate on MMI effects. This includes sensors, modulators (electro-optic and all-optical) and switches, thus providing a high number of potential applications.
